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ARTICLE
Vesicular ATP Is the Predominant Cause of Intercellular Calcium Waves 
in Astrocytes
David N. Bowser and Baljit S. Khakh
Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, UK
Brain astrocytes signal to each other and neurons. They use changes in their intracellular calcium levels to trigger 
release of transmitters into the extracellular space. These can then activate receptors on other nearby astrocytes 
and trigger a propagated calcium wave that can travel several hundred micrometers over a timescale of seconds. A 
role for endogenous ATP in calcium wave propagation in hippocampal astrocytes has been suggested, but the 
mechanisms remain incompletely understood. Here we explored how calcium waves arise and directly tested 
whether endogenously released ATP contributes to astrocyte calcium wave propagation in hippocampal astrocytes. 
We fi  nd that vesicular ATP is the major, if not the sole, determinant of astrocyte calcium wave propagation over dis-
tances between  100 and 250 μm, and  15 s from the point of wave initiation. These actions of ATP are mediated 
by P2Y1 receptors. In contrast, metabotropic glutamate receptors and gap junctions do not contribute signifi  cantly 
to calcium wave propagation. Our data suggest that endogenous extracellular astrocytic ATP can signal over broad 
spatiotemporal scales.
INTRODUCTION
Astrocytes are an integral part of the brain, where they 
form connections with blood vessels, other glia, and 
neurons (Haydon, 2001). In contrast to neurons, which 
exhibit electrical excitability, astrocytes display “calcium 
excitability” (Cornell-Bell et al., 1990), which is mani-
fest as transient or prolonged elevations in intracellu-
lar calcium levels ([Ca2+]i). These can be spontaneous 
or triggered in response to specifi  c neurotransmitters 
(Cornell-Bell et al., 1990). Spontaneous intracellular 
calcium transients [Ca2+]i have been described in cul-
tured astrocytes (Cornell-Bell et al., 1990; Charles et al., 
1991), acute brain slices where the cellular architecture 
remains virtually intact (Porter and McCarthy, 1996), as 
well as in vivo in the cortex (Hirase et al., 2004; Tian 
et al., 2005, 2006; Wang et al., 2006). In acute slices and in 
cultured astrocytes, waves of elevated [Ca2+]i can pass 
between astrocytes (Charles et al., 1991; Newman and 
Zahs, 1997; Guthrie et al., 1999), and are often referred 
to as intercellular calcium waves. Several pathways have 
been proposed to mediate calcium waves, including dif-
fusion of Ca2+ and/or inositol triphosphate through 
membrane gap junctions between adjoining astrocytes 
(Scemes et al., 2000). Additionally, it has been suggested 
that astrocytic release of ATP or glutamate into the 
  extracellular space, and subsequent activation of their 
respective receptors on neighboring astrocytes may also 
underlie calcium wave propagation (Fellin et al., 2006). 
However, it remains unclear if ATP, gap junctions, and 
glutamate contribute equally to calcium wave propaga-
tion, or if any one mechanism predominates (Charles, 
1998; Scemes and Giaume, 2006).
In the present experiments we studied hippocampal 
cultures because astrocyte calcium transients are well 
described in this model system (Charles, 1998; Fields 
and Burnstock, 2006). To trigger astrocyte calcium waves 
reproducibly and on demand we used a minimal mechani-
cal stimulus (MS), which has been used extensively in the 
past (Charles, 1998; Koizumi et al., 2003; Chen et al., 2005). 
We then experimentally explored the mechanisms un-
derlying calcium wave propagation.
MATERIALS AND METHODS
Ca2+ Imaging
Mixed rat hippocampal neuron-astrocyte cultures were prepared 
and maintained in 35-mm glass bottom dishes as previously de-
scribed (Granseth et al., 2006; Bowser and Khakh, 2007). Physio-
logical saline comprised (in mM) 125 NaCl, 5 KCl, 1 MgCl2, 
10 d-glucose, 2 CaCl2, 25 HEPES. Cells were loaded with 5 μM 
Fluo-3/AM (Molecular Probes) as previously described (Bowser 
and Khakh, 2004; Bowser and Khakh, 2007). The setup used for 
imaging has also been described. In brief, monolayers of Fluo-3–
loaded astrocytes were excited with 490 ± 5-nm light, and the 
emission was collected through a 510-nm-long pass fi  lter. Images 
were acquired at 2 Hz. We specifi  cally chose regions that lacked 
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neuronal processes and somata to simplify the analysis and inter-
pretation of the experiments. This can be seen in the images in 
Figs. 1 and 3, where only sheets of fl  at astrocytes were imaged. 
The camera gain (Princeton Instruments cooled I-PentaMAX 
camera; Roper   Scientifi  c) was adjusted for each astrocyte culture 
to provide the best signal to noise images, and so comparisons 
between astrocytes can only be reported as ∆F/F. We used a well-
established mechanical stimulation (MS) protocol to trigger cal-
cium waves in astrocytes (Charles, 1998). A central astrocyte was 
touched from above with a fi  ne (1–2 μm) blunt-ended pipette 
to induce a calcium response in the central initiating cell. This 
protocol has been used extensively in the past and produces 
reproducible calcium waves that spread intercellularly to neigh-
boring astrocytes. In most experiments the bath was not perfused, 
for reasons that will become clear from the results. In the cases 
where bath perfusion was used, fl  ow rate was  4–5 ml/min 
in the direction indicated by the arrows in the fi  gures. For these 
experiments we used a custom made local perfusion device 
(Fisher et al., 2004).
Chemicals
All chemicals used were from Tocris, Sigma-Aldrich, Invitrogen, 
or Molecular Probes Invitrogen. The names of the chemicals 
are abbreviated as adenosine 5′-β-thio-diphosphate (ADPβS), car-
ben  oxolone (CBX), flufenamic acid (FFA), and 2-methyl-6-
(phenylethynyl) pyridine hydrochloride (MPEP).
Analysis
Images were analyzed using Image J, Metamorph, and Corel-
Draw12. Data were analyzed using Origin 6.1 (Origin Lab Corp.) and 
Graphpad Instat 3.06 for Windows. Data in the text and graphs 
are shown as mean ± SEM from n determinations as indicated.
RESULTS
Initial Observations
We loaded astrocytes with the calcium indicator dye Fluo-3 
to measure and track fl  uctuations within their [Ca2+]i 
  levels (Bowser and Khakh, 2004; Bowser and Khakh, 2007). 
We used a gentle mechanical stimulus (Chen et al., 2005) 
(MS; see Materials and Methods) to trigger [Ca2+]i tran-
sients in a central astrocyte, and then monitored [Ca2+]i 
changes in the surrounding astrocytes within a region 
with a diameter of  0.5 mm. MS always resulted in 
[Ca2+]i elevations in the central astrocyte (n = 37) and 
this was always followed by the secondary appearance of 
increased [Ca2+]i levels in surrounding astrocytes (n = 37). 
These secondary increases in astro  cyte [Ca2+]i levels radi-
ated out in all directions from the central astrocyte, up to 
Figure 1.  MS evokes astrocyte calcium waves. (A) A series of images taken at the indicated times in seconds before and after MS at the 
point indicated by the star. (B) Wavefront images created by subtracting the previous image in the series from the current one. The 
result is a concentric circle of astrocyte activation that spreads outward from the site of MS. (C) 3D projection of the pixel intensity in 
the image series presented in B. Note the decreasing intensity of the wavefront with time indicting that the calcium levels diminish with 
  increasing distance from the site of MS.  Bowser and Khakh 487
an average radius of 180 ± 12 μm (n = 19, range of 
120–235 μm), covering an area of  39,413 μm2. An 
example of such a radiating calcium wave is presented in 
Fig. 1 A, before and at various time points after MS. From 
the images in Fig. 1 A we determined the wave front by 
image subtraction (Fig. 1 B) and rendered this as a 3D 
projection of the astrocyte fl  uorescence intensity (Fig. 
1 C). By visual examination it was clear that the peak 
[Ca2+]i levels of individual astrocytes were smaller as the 
distance from the site of MS   increased, such that by a 
  radius of  200 μm the change in [Ca2+]i for astrocytes was 
minimal. We analyzed images such as those presented in 
Fig. 1 to quantify key parameters of the astrocyte calcium 
wave, and then explored the underlying mechanisms.
Why does the calcium wave cease after  15 s and a 
  radius of  200 μm? To make inroads into this issue we 
measured the peak change in [Ca2+]i levels for astro-
cytes at increasing distances from the MS site (the astro-
cytes highlighted in Fig. 1 A are plotted in Fig. 2 A). 
Such traces were normalized to the peak in order to ex-
amine the latency for the calcium wave to arrive at sites 
of increasing distance from the site of MS (Fig. 2 B). As 
expected for a radiating wave, the [Ca2+]i changes were 
delayed for astrocytes at increasing distances from MS 
(Fig. 2 B). From such data we calculated the wave velocity, 
which slowed signifi  cantly with time after MS (Fig. 2 C). 
We next plotted the peak ∆F/F for fi  ve representative 
astrocytes at increasing distances from MS. These data 
show that the peak change in [Ca2+]i levels decreases 
with increasing distance from MS, a trend that was true for 
all experiments (Fig. 2 E; n = 37). Finally, we measured 
the calcium transient half width at increasing distances 
from MS, and found that astrocytes further away from MS 
displayed signifi  cantly briefer calcium transients (Fig. 2 F; 
n = 37). Overall the analysis presented in Fig. 2 suggests 
that after MS, the astrocyte calcium wave ceases after 
 200 μm because (a) the wavefront velocity decreases, 
(b) the peak change in [Ca2+]i diminishes with distance, 
and (c) the duration of the [Ca2+]i transients in each as-
trocyte decreases. Presumably, for distances >200 μm, the 
peak change in [Ca2+]i for individual astrocytes are too 
small and brief to allow the calcium wave to propagate.
We performed a specifi  c set of experiments to deter-
mine if neuronal activity and action potential fi  ring con-
tributed to astrocyte calcium waves after MS. Thus we 
measured the full width at half maximal height (FWHM) 
of MS-evoked astrocyte calcium waves with and without 
TTX (1 μM) to block sodium channels in neurons. We 
found that the FWHM of astrocyte calcium waves 15 s after 
MS was 213 ± 41 μm (n = 5) in the control experiments, 
and 220 ± 57 μm in the presence of TTX (n = 6). Thus 
we suggest that neuronal action potential fi  ring does not 
contribute to astrocyte calcium waves in response to MS.
A Diffusible Extracellular Signal Is Responsible 
for the Calcium Waves
Having established a reproducible protocol to trigger 
calcium waves in astrocytes (Figs. 1 and 2), we next 
Figure 2.  Properties of astrocyte calcium waves. 
(A) Calcium transients from individual astrocytes 
as indicated in Fig. 1 A. (B) Zoomed in calcium 
transients from A to emphasis the latency time 
differences between transients. The distances of 
the astrocytes from the site of MS are indicated. 
(C) Plot of the velocity of the wave at 5, 10, 15, 
and 20 s post-stimulus. Plot indicates decelera-
tion of the wave with time. (D) Examples of cal-
cium transients from fi  ve representative astrocytes 
(individual experiments) at distances (i–iv) from 
the stimulated cell as indicated in μm. (E) Cal-
cium transient peak amplitude for astrocytes of 
increasing distance from the initiating cell. Each 
bar represents 40 individual astrocytes. (F) Full-
width half-maxima of the astrocytes at distance 
groups indicated (i–iv; n = 40).488 Astrocyte Calcium Waves
  explored the mechanisms. In so doing we chose to com-
pare images of [Ca2+]i levels, immediately before (−1 s), 
and after MS (+1 s and +15 s; Fig. 1). To provide a mea-
sure of the spread of the calcium wave we present im-
ages at +15 s after MS, and line intensity profi  les across 
the calcium wave at −1, +1, and +15 s after MS (Fig. 3). 
From these line profi  les we calculated the full width at 
half maximal height of the calcium wave (FWHM; Figs. 
3 and 4) in micrometers. In the fi  gures, the FWHM are 
shown as normalized to the peak of the calcium wave 
+1 s after MS, thus there is no scale for the Y axis for the 
graphs in Fig. 3.
We began by determining if blockers of gap junctions 
affected the calcium waves. This may be expected if the 
wave is propagated by an intracellular mechanism, in 
which case blockade of gap junctions should reduce the 
FWHM of the calcium wave. Astrocytes were incubated 
for at least 30 min in FFA (50 μM; n = 8), CBX (100 
μM; n = 8), or dicumarol (Dic, 10 μM; n = 13), before 
MS. The concentrations of FFA, CBX, and dicumarol 
were chosen on the basis of past work, where these mol-
ecules have been shown to be specifi  c gap junction 
blockers (Abdelmohsen et al., 2005). We found that 
neither FFA, CBX, nor dicumarol produced any signifi  -
cant effect on the FWHM of the calcium wave at +15 s 
after MS (Figs. 3 and 4). These data strongly argue 
against an intracellular mechanism as the cause of 
astrocyte calcium waves. We next considered an extra-
cellular mechanism. We hypothesized that if the   calcium 
wave is propagated by the release of an extracellular sig-
nal, then increasing directional solution fl  ow should 
carry the signal in the direction of fl  ow, resulting in 
asymmetric astrocyte calcium increases following MS. 
To test for this we placed a local fast perfusion device 
within  5 mm of the imaging site, and fl  owed solution 
over the astrocytes at 4–5 ml/min. We verifi  ed that solu-
tion fl  ow was directional by monitoring the fl  ow of the 
neutral dye Fast Green  (0.01% solution). Remarkably, 
MS resulted in increased intracellular astrocyte calcium 
levels with a tail in the direction of solution fl  ow (n = 19 
from 14 fi  elds of view). Taken together, the data with 
gap junction blockers (Figs. 3 and 4) and the directional 
fl  ow experiments (Fig. 3) provide strong evidence that 
MS results in the release of a diffusible messenger into 
the extracellular space that can be carried by directional 
solution fl  ow.
Figure 3. Representative subtraction images 
and analysis of astrocyte calcium waves. The top 
panels show wavefront images of astrocyte cal-
cium waves at +15 s following MS. The bottom 
panels show average (±SEM for n experiments as 
indicated in the text) line profi  les of calcium 
waves before (black traces), 1 s after (red traces), 
and 15 s after MS (blue traces). Note that the cal-
cium wave spreads signifi   cantly under control 
conditions and when gap junctions are blocked 
(CBX; 100 μM), but not when P2Y1 receptor 
antagonists are applied to the bathing medium 
(PPADS; MRS2179; 30 μM), or when bafi  lomycin 
(2 μM) is used to prevent vesicular release. For 
the line profi  les we chose lines for the widest 
  dimension and estimated the FWHM from these. 
This was appropriate because the calcium wave 
propagated in a radial manner. However, in the 
case of the bath fl  ow experiments the calcium 
wave is not radial, because it is carried in the di-
rection of fl  ow, resulting in a tail of fl  uorescence 
in the direction of fl  ow. We could not use the 
same method to determine the FWHM for the 
bath fl  ow experiments, because this would result 
in an artifi  cially extended asymmetric FWHM. To 
get around this we estimated the FWHM for the 
bath fl  ow experiments from line profi  les approxi-
mately at right angles to the direction of fl  ow. We 
present the numerical analysis for these experi-
ments in the bar graph in Fig 4. The star indi-
cates the site of MS in each image. The horizontal 
scale bar indicates the distance in the X-Y dimen-
sions in micrometers.  Bowser and Khakh 489
How might the diffusible messenger be released into 
the extracellular space? Astrocytes undergo spontane-
ous and calcium-evoked vesicle exocytosis (Bowser and 
Khakh, 2007), and we next determined if vesicles were 
involved in astrocyte calcium wave propagation. To in-
hibit vesicular release, astrocytes were incubated in ei-
ther bafi  lomycin A (2 μM; n = 9), an inhibitor of the 
vesicular H+-ATPase, or brefeldin A (2 μg/ml; n = 6), 
an inhibitor of vesicular traffi  cking, for  60 min before 
MS (Abdipranoto et al., 2003; Coco et al., 2003). Under 
these conditions MS evoked an increase in astrocyte 
calcium in only a few astrocytes adjacent to the MS site. 
However, it failed to evoke a calcium wave, and the 
FWHM at +15 s after MS was signifi  cantly reduced (Figs. 
3 and 4). These data suggest that vesicular release un-
derlies propagation of calcium waves by a diffusible ex-
tracellular signal over a distance scale of >100 μm from 
the site of MS.
ATP Is Responsible for the Calcium Waves
Astrocytes express metabotropic glutamate receptors 
and are known to release glutamate (Pasti et al., 2001). 
Moreover, in our recent experiments we monitored 
  calcium-evoked exocytosis of glutamatergic vesicles 
(Bowser and Khakh, 2007). Might glutamate exocytosis 
be responsible for astrocyte calcium wave propagation? 
To test for this we incubated astrocytes in a cocktail 
of antagonists (Bowser and Khakh, 2004) known to 
block metabotropic glutamate receptors (MPEP and 
LY367385; 100 μM, antagonists of mGluR5 and mGluR1a 
receptors respectively) and then examined the FHWM 
of calcium waves after MS (Figs. 3 and 4). Surprisingly, 
we found that blockers of mGluRs had no signifi  cant 
  effect on the astrocyte calcium waves (n = 8; Fig. 4).
A paper in 1972 explicitly proposed a role for ATP as 
a signaling molecule (Burnstock, 1972). Consistent with 
this suggestion, subsequent work has identifi  ed both 
metabotropic and ionotropic ATP receptors on cells, 
including astrocytes (Fields and Burnstock, 2006). We 
next considered a role for ATP in astrocyte calcium wave 
propagation. We fi  rst used PPADS and suramin (10 μM) 
as broad spectrum ATP receptor antagonists and found 
that they signifi  cantly inhibited calcium wave propaga-
tion for distances >100 μm from MS (n = 8; Figs. 
3 and 4). One needs to exercise caution in using PPADS 
to study astrocyte mechanisms (Fellin et al., 2006) be-
cause this broad spectrum antagonist blocks many ATP 
receptors, and may even block glutamate responses, as 
has been previously well noted (Humphrey et al., 1995; 
Khakh et al., 2001). Because astrocytes express P2Y1 re-
ceptors (Gallagher and Salter, 2003; Bowser and Khakh, 
2004), we next investigated their role in calcium wave 
propagation; we used the selective P2Y1 receptor antag-
onist 2′-deoxy-N6-methyladenosine 3′, 5′-bisphosphate 
(MRS2179) (Moro et al., 1998). In experiments where 
astrocytes were incubated in MRS2179 (10 μM, n = 11) 
for 30 min, MS did not evoke propagating calcium waves. 
This suggests that endogenously released ATP acting via 
P2Y1 receptors is responsible for calcium wave propa-
gation. To explore this possibility further we incubated 
astrocytes with the ectonucleotidase apyrase (10 U/ml; 
n = 9) to degrade endogenously released ATP (Buell 
et al., 1996). In astrocyte cultures treated with apyrase 
we measured no propagated calcium waves, and the 
degree of inhibition of the FWHM was identical to that 
with MRS2179 (Fig. 4). As a fi  nal test for the role of ATP 
in calcium wave propagation we incubated the cultures 
with ATP (10 μM; n = 7) or ADPβS (10 μM; n = 14) 
to saturate/desensitize P2Y1 receptors. Under these cir-
cumstances we measured no astrocyte calcium waves in 
response to MS (Fig. 4).
DISCUSSION
The main fi  ndings of the present study are that (a) MS-
evoked astrocyte calcium waves are mediated by an inter-
cel  lular mechanism, (b) the waves rely on a diffusible 
mes  senger released from vesicles into the extracellular 
space, and (c) that the messenger responsible for calcium 
waves is ATP acting via P2Y1 receptors.
A role for ATP in signaling between cells in the ner-
vous system has been appreciated for over three decades 
(Burnstock, 1972; Fields and Burnstock, 2006). In pre-
vious work, hippocampal astrocytes displayed elevated 
[Ca2+]i levels in response to electrical fi  eld stimula-
tion of afferent fi  bers in acute brain slices (Porter and 
McCarthy, 1996; Charles, 1998; Bowser and Khakh, 2004). 
Moreover, in our work on the stratum radiatum we sug-
gested that astrocyte calcium waves can spread to  200 
μm from the stimulating electrode, and that ATP may 
be involved in this process (Bowser and Khakh, 2004). 
Where might this ATP come from? There is evidence 
for astrocyte ATP release via membrane pores such as 
those formed by gap junctions (Arcuino et al., 2002; 
Figure 4.  Bar graph of astrocyte calcium wave FWHM. The bars 
show mean ± SEM from at least seven experiments as described 
in the text. The treatment groups were compared with the con-
trol using unpaired Student’s t tests, and signifi  cance was declared 
at P < 0.05 for the bars indicated by the asterisk.490 Astrocyte Calcium Waves
Bennett et al., 2003; Suadicani et al., 2004) and P2X7 
channels (Suadicani et al., 2006). Astrocytes are also 
known to display calcium-triggered vesicular exocytosis 
and express the proteins associated with transmitter re-
lease ( Maienschein et al., 1999; Bezzi et al., 2004; Zhang 
et al., 2004; Chen et al., 2005; Bowser and Khakh, 2007), 
but there are opposing views about whether ATP is re-
leased by exocytosis (Queiroz et al., 1999; Coco et al., 
2003). Thus although the study of astrocyte calcium waves 
is a mature fi  eld (Charles, 1998), the role of ATP in this 
process is controversial and debated (Fellin et al., 2006). 
From the published literature it remained unclear if 
calcium wave propagation in hippocampal astrocytes 
was due to vesicular exocytosis, if it involved ATP, or if it 
was entirely or only partly due to ATP (Charles, 1998; 
Fam et al., 2000; Fellin et al., 2006). In the present study 
we returned to this issue. We sought to provide a mech-
anistic basis for our past work (Bowser and Khakh, 2004) 
and to clarify the role of ATP in calcium waves. This is 
an important issue because brain microglia, astrocytes, 
and neurons all express a plethora of metabotropic and 
ionotropic ATP receptors (Illes and Alexandre Ribeiro, 
2004; Fields and Burnstock, 2006), and thus astrocyte 
calcium waves mediated by ATP have the potential to affect 
signaling in large volumes of brain tissue (Fields and 
Burnstock, 2006).
It is interesting to note that we found no role for glu-
tamate acting on metabotropic glutamate receptors in 
calcium wave propagation (Figs. 3 and 4). In this re-
gard, our data for hippocampal astrocytes are similar to 
previous modeling and experimental studies on spinal 
cord astrocytes (Bennett et al., 2005, 2006). This may 
be portentous. Often synaptic responses in brain neu-
rons mediated by endogenously released ATP are out-
weighed by those mediated by glutamate (Edwards 
et al., 1992; Nieber et al., 1997; Pankratov et al., 1998; 
Khakh, 2001; Mori et al., 2001; North, 2002; Pankratov 
et al., 2002, 2007). However, based on the data pre-
sented in this and previous studies, ATP appears to 
dominate over glutamate with respect to astrocyte sig-
naling (Koizumi et al., 2003; Bowser and Khakh, 2004; 
Bennett et al., 2005; Bennett et al., 2006; Fields and 
Burnstock, 2006).
In summary, the data presented here for astrocyte cul-
tures extends our previous work in acute brain slices 
(Bowser and Khakh, 2004) and suggests that ATP is the 
predominant cause of intercellular calcium waves. From 
this perspective, in future work it will be important to 
determine if astrocytic ATP contributes to calcium waves 
in vivo, and to determine its ability to synchronize neu-
rons and astrocytes over extended spatiotemporal scales 
(Fellin et al., 2004; Wirkner et al., 2007).
We thank Dr. Aude Derevier for help with cell culture.
This work was supported by the Medical Research Council.
Angus C. Nairn served as editor.
Submitted: 9 March 2007
Accepted: 26 April 2007
R  E  F  E  R  E  N  C  E  S 
Abdelmohsen, K., D. Stuhlmann, F. Daubrawa, and L.-O. Klotz. 2005. 
Dicumarol is a potent reversible inhibitor of gap junctional inter-
cellular communication. Arch. Biochem. Biophys. 434:241–247.
Abdipranoto, A., G.J. Liu, E.L. Werry, and M.R. Bennett. 2003. 
Mechanisms of secretion of ATP from cortical astrocytes trig-
gered by uridine triphosphate. Neuroreport. 14:2177–2181.
Arcuino, G., J.H. Lin, T. Takano, C. Liu, L. Jiang, Q. Gao, J. Kang, 
and M. Nedergaard. 2002. Intercellular calcium signaling medi-
ated by point-source burst release of ATP. Proc. Natl. Acad. Sci. 
USA. 99:9840–9845.
Bennett, M.R., L. Farnell, and W.G. Gibson. 2005. A quantitative 
model of purinergic junctional transmission of calcium waves in 
astrocyte networks. Biophys. J. 89:2235–2250.
Bennett, M.R., V. Buljan, L. Farnell, and W.G. Gibson. 2006. 
Purinergic junctional transmission and propagation of calcium 
waves in spinal cord astrocyte networks. Biophys. J. 91:3560–3571.
Bennett, M.V., J.E. Contreras, F.F. Bukauskas, and J.C. Saez. 2003. 
New roles for astrocytes: gap junction hemichannels have some-
thing to communicate. Trends Neurosci. 26:610–617.
Bezzi, P., V. Gundersen, J.L. Galbete, G. Seifert, C. Steinhauser, E. 
Pilati, and A. Volterra. 2004. Astrocytes contain a vesicular com-
partment that is competent for regulated exocytosis of glutamate. 
Nat. Neurosci. 7:613–620.
Bowser, D.N., and B.S. Khakh. 2004. ATP excites interneurons and 
astrocytes to increase synaptic inhibition in neuronal networks. 
J. Neurosci. 24:8606–8620.
Bowser, D.N., and B.S. Khakh. 2007. Two forms of single-vesicle 
  astrocyte exocytosis imaged with total internal refl  ection fl  uores-
cence microscopy. Proc. Natl. Acad. Sci. USA. 104:4212–4217.
Buell, G., A.D. Michel, C. Lewis, G. Collo, P.P.A. Humphrey, and A. 
Surprenant. 1996. P2X1 receptor activation in HL60 cells. Blood. 
87:2659–2664.
Burnstock, G. 1972. Purinergic nerves. Pharmacol. Rev. 24:509–581.
Charles, A. 1998. Intercellular calcium waves in glia. Glia. 24:39–49.
Charles, A.C., J.E. Merrill, E.R. Dirksen, and M.J. Sanderson. 1991. 
Intercellular signaling in glial cells: calcium waves and oscillations 
in response to mechanical stimulation and glutamate. Neuron. 
6:983–992.
Chen, X., L. Wang, Y. Zhou, L.H. Zheng, and Z. Zhou. 2005. “Kiss-
and-run” glutamate secretion in cultured and freshly isolated rat 
hippocampal astrocytes. J. Neurosci. 25:9236–9243.
Coco, S., F. Calegari, E. Pravettoni, D. Pozzi, E. Taverna, P. Rosa, M. 
Matteoli, and C. Verderio. 2003. Storage and release of ATP from 
astrocytes in culture. J. Biol. Chem. 278:1354–1362.
Cornell-Bell, A.H., S.M. Finkbeiner, M.S. Cooper, and S.J. Smith. 
1990. Glutamate induces calcium waves in cultured astrocytes: 
long-range glial signaling. Science. 247:470–473.
Edwards, F.A., A.J. Gibb, and D. Colquhoun. 1992. ATP receptor-
mediated synaptic currents in the central nervous system. Nature. 
359:144–147.
Fam, S.R., C.J. Gallagher, and M.W. Salter. 2000. P2Y(1) purinoceptor-
mediated Ca2+ signaling and Ca2+ wave propagation in dorsal spinal 
cord astrocytes. J. Neurosci. 20:2800–2808.
Fellin, T., O. Pascual, S. Gobbo, T. Pozzan, P.G. Haydon, and G. 
Carmignoto. 2004. Neuronal synchrony mediated by astrocytic 
glutamate through activation of extrasynaptic NMDA receptors. 
Neuron. 43:729–743.
Fellin, T., J.Y. Sul, M. D’Ascenzo, H. Takano, O. Pascual, and P.G. 
Haydon. 2006. Bidirectional astrocyte-neuron communication: the 
many roles of glutamate and ATP. Novartis Found Symp. 276:208–217; 
discussion 217–221, 233–207, 275–281.  Bowser and Khakh 491
Fields, R.D., and G. Burnstock. 2006. Purinergic signalling in neu-
ron-glia interactions. Nat. Rev. Neurosci. 7:423–436.
Fisher, J.A., G. Girdler, and B.S. Khakh. 2004. Time resolved mea-
surement of state specifi  c P2X ion channel cytosolic gating mo-
tions. J. Neurosci. 24:10475–10487.
Gallagher, C.J., and M.W. Salter. 2003. Differential properties of 
astrocyte calcium waves mediated by P2Y1 and P2Y2 receptors. 
J. Neurosci. 23:6728–6739.
Granseth, B., B. Odermatt, S.J. Royle, and L. Lagnado. 2006. 
Clathrin-mediated endocytosis is the dominant mechanism of 
vesicle retrieval at hippocampal synapses. Neuron. 51:773–786.
Guthrie, P.B., J. Knappenberger, M. Segal, M.V. Bennett, A.C. 
Charles, and S.B. Kater. 1999. ATP released from astrocytes medi-
ates glial calcium waves. J. Neurosci. 19:520–528.
Haydon, P.G. 2001. GLIA: listening and talking to the synapse. 
Nat. Rev. Neurosci. 2:185–193.
Hirase, H., L. Qian, P. Bartho, and G. Buzsaki. 2004. Calcium 
dynamics of cortical astrocytic networks in vivo. PLoS Biol. 2:E96.
Humphrey, P.P., G. Buell, I. Kennedy, B.S. Khakh, A.D. Michel, A. 
Surprenant, and D.J. Trezise. 1995. New insights on P2X purino-
ceptors. Naunyn Schmiedebergs Arch. Pharmacol. 352:585–596.
Illes, P., and J. Alexandre Ribeiro. 2004. Molecular physiology 
of P2 receptors in the central nervous system. Eur. J. Pharmacol. 
483:5–17.
Khakh, B.S. 2001. Molecular physiology of P2X receptors and ATP 
signalling at synapses. Nat. Rev. Neurosci. 2:165–174.
Khakh, B.S., G. Burnstock, C. Kennedy, B.F. King, R.A. North, P. 
Seguela, M. Voigt, and P.P.A. Humphrey. 2001. International union 
of pharmacology. XXIV. Current status of the nomenclature and 
properties of P2X receptors and their subunits. Pharmacol. Rev. 
53:107–118.
Koizumi, S., K. Fujishita, M. Tsuda, Y. Shigemoto-Mogami, and K. 
Inoue. 2003. Dynamic inhibition of excitatory synaptic transmis-
sion by astrocyte-derived ATP in hippocampal cultures. Proc. Natl. 
Acad. Sci. USA. 100:11023–11028.
Maienschein, V., M. Marxen, W. Volknandt, and H. Zimmermann. 
1999. A plethora of presynaptic proteins associated with ATP-storing 
organelles in cultured astrocytes. Glia. 26:233–244.
Mori, M., C. Heuss, B.H. Gahwiler, and U. Gerber. 2001. Fast syn-
aptic transmission mediated by P2X receptors in CA3 pyramidal 
cells of rat hippocampal slice cultures. J. Physiol. 535:115–123.
Moro, S., D. Guo, E. Camaioni, J.L. Boyer, T.K. Harden, and K.A. 
Jacobson. 1998. Human P2Y1 receptor: molecular modeling and 
site-directed mutagenesis as tools to identify agonist and antago-
nist recognition sites. J. Med. Chem. 41:1456–1466.
Newman, E., and K. Zahs. 1997. Calcium waves in retinal glial cells. 
Science. 275:844–847.
Nieber, K., W. Poelchen, and P. Illes. 1997. Role of ATP in fast excit-
atory synaptic potentials in locus coeruleus neurones of the rat. 
Br. J. Pharmacol. 122:423–430.
North, R.A. 2002. Molecular physiology of P2X receptors. Physiol. 
Rev. 82:1013–1067.
Pankratov, Y., E. Castro, M.T. Miras-Portugal, and O. Krishtal. 1998. 
A purinergic component of the excitatory postsynaptic current 
mediated by P2X receptors in the CA1 neurons of the rat hippo-
campus. Eur. J. Neurosci. 10:3898–3902.
Pankratov, Y., U. Lalo, A. Verkhratsky, and R.A. North. 2007. Quantal 
release of ATP in mouse cortex. J. Gen. Physiol. 129:257–265.
Pankratov, Y.V., U.V. Lalo, and O.A. Krishtal. 2002. Role for P2X 
  receptors in long-term potentiation. J. Neurosci. 22:8363–8369.
Pasti, L., M. Zonta, T. Pozzan, S. Vicini, and G. Carmignoto. 2001. 
Cytosolic calcium oscillations in astrocytes may regulate exocytotic 
release of glutamate. J. Neurosci. 21:477–484.
Porter, J.T., and K.D. McCarthy. 1996. Hippocampal astrocytes 
in situ respond to glutamate released from synaptic terminals. 
J. Neurosci. 16:5073–5081.
Queiroz, G., D.K. Meyer, A. Meyer, K. Starke, and I. von Kugelgen. 
1999. A study of the mechanism of the release of ATP from rat 
cortical astroglial cells evoked by activation of glutamate recep-
tors. Neuroscience. 91:1171–1181.
Scemes, E., and C. Giaume. 2006. Astrocyte calcium waves: what 
they are and what they do. Glia. 54:716–725.
Scemes, E., S.O. Suadicani, and D.C. Spray. 2000. Intercellular com-
munication in spinal cord astrocytes: fi  ne tuning between gap 
junctions and P2 nucleotide receptors in calcium wave propaga-
tion. J. Neurosci. 20:1435–1445.
Suadicani, S.O., C.E. Flores, M. Urban-Maldonado, M. Beelitz, and 
E. Scemes. 2004. Gap junction channels coordinate the propaga-
tion of intercellular Ca2+ signals generated by P2Y receptor acti-
vation. Glia. 48:217–229.
Suadicani, S.O., C.F. Brosnan, and E. Scemes. 2006. P2X7 receptors 
mediate ATP release and amplifi  cation of astrocytic intercellular 
Ca2+ signaling. J. Neurosci. 26:1378–1385.
Tian, G.F., H. Azmi, T. Takano, Q. Xu, W. Peng, J. Lin, N. Oberheim, 
N. Lou, X. Wang, H.R. Zielke, et al. 2005. An astrocytic basis of 
epilepsy. Nat. Med. 11:973–981.
Tian, G.F., T. Takano, J.H. Lin, X. Wang, L. Bekar, and M. 
Nedergaard. 2006. Imaging of cortical astrocytes using 2-photon 
laser scanning microscopy in the intact mouse brain. Adv. Drug 
Deliv. Rev. 58:773–787.
Wang, X., N. Lou, Q. Xu, G.F. Tian, W.G. Peng, X. Han, J. Kang, 
T. Takano, and M. Nedergaard. 2006. Astrocytic Ca2+ signaling 
evoked by sensory stimulation in vivo. Nat. Neurosci. 9:816–823.
Wirkner, K., A. Gunther, M. Weber, S.J. Guzman, T. Krause, J. Fuchs, 
L. Koles, W. Norenberg, and P. Illes. 2007. Modulation of NMDA 
receptor current in layer V pyramidal neurons of the rat prefron-
tal cortex by P2Y receptor activation. Cereb. Cortex. 17:621–631.
Zhang, Q., T. Pangrsic, M. Kreft, M. Krzan, N. Li, J.Y. Sul, M. Halassa, 
E. Van Bockstaele, R. Zorec, and P.G. Haydon. 2004. Fusion-related 
release of glutamate from astrocytes. J. Biol. Chem. 279:12724–12733.